Macrophage-conditioned medium (MCM) is an important cell culture supplement used to support the survival and growth of newly fused hybridoma cells. The use of macrophage cells, as a part of hybridoma technology, has proven to be an effective and inexpensive source of growth factors that promote the early survival and growth of hybridoma cells. Despite the widespread use of MCM as a hybridoma culture supplement, there is limited guidance and standardization for MCM production to achieve optimal hybridoma support. As an undefined supplement, significant variations in production of MCM may negatively impact hybridoma cell survival and growth. The lack of an available method for standardization of MCM bioactivity has limited validation, optimization, and commercial production. Consequently, variations in batch production of MCM may result in lowquality MCM that limits hybridoma viability and negatively impacts monoclonal antibody production. In this report, we describe a novel bioassay based on the newly generated, MCM-dependent RMH359 hybridoma cell line that can be used to validate MCM bioactivity and standardize production. We demonstrate the utility of the RMH359 bioassay (1) for evaluating MCM hybridoma bioactivity, (2) to define optimal conditions for production of MCM, and (3) as a method for MCM validation and standardization. In conclusion, the RMH359 cell bioassay provides a specific and sensitive assessment of MCM bioactivity in support of hybridoma cell survival and growth.
Introduction

M
onoclonal antibodies (MAbs) remain an essential molecular tool for the selective and specific detection of biological and chemical antigens. A defining property of an MAb is its recognition and binding to a single epitope, a characteristic that has been exploited to achieve exquisite antigen selectivity and discrimination.
(1) Hybridoma technology has allowed for the production of MAbs to specific antigens following splenocyte cell fusion from an immunized animal with immortalized myeloma-derived cell lines. (2) The resulting hybridoma cells can be screened for selective MAb production and single cells cloned to yield an immortal hybridoma cell line for continuous production of a desired MAb. (3) Hybridoma technology has evolved along with modern cell culture practices, benefiting from refined cell medium formulations and growth supplements, resulting in improved workflow and consistent MAb production. However, there remains a need for cost-effective, animal-derived culture supplements to support early hybridoma cell survival, cloning, and growth. (4, 5) Indeed, newly formed hybrid cells often require the addition of a cell feeder layer (i.e., macrophages) or supplementation with a cell-conditioned medium for initial stabilization and growth. (6) (7) (8) The use of a cell feeder layer imposes several disadvantages that include interference with hybridoma cell growth and introduction of potential contamination. (9) (10) (11) Therefore, cell-conditioned media from continuous cell lines such as fibroblasts (12) or macrophages (7, 13, 14) have been commonly used as culture medium supplements. Conditioned media collected from the widely available murine macrophage J774A.1 cell line have been shown to improve hybridoma survival and cloning efficiency after cell fusion. (13) Efforts have been made to identify defined medium conditions to support hybridoma growth and increase the efficiency of antibody production. (4, 15, 16) Proteins such as interlukin-1 (IL-1), tumor necrosis factor, (17) granulocyte-macrophage colony-stimulating factor, (18) and IL-6 (16, 19) have been shown to support hybridoma growth, resulting in proprietary blends of defined hybridoma growth media. Although these commercial products can be effective, they can be cost prohibitive, and many laboratories rely on in-house production of macrophage-conditioned medium (MCM) to support hybridoma growth during early cell selection and cloning.
Yet, limited guidance and standardization of MCM quality have been reported. This reflects the lack of a defined assay to evaluate the quality of MCM before use as a culture supplement. This study was designed to optimize MCM production by exploiting a new hybridoma cell line RMH359 that is dependent on J774A.1-derived MCM for survival and growth. Using the RMH359 cells, we developed a novel cellular bioassay for evaluation of MCM bioactivity and defined optimal conditions for MCM production to achieve maximal bioactivity in support of hybridoma cell survival and growth. This novel bioassay provides a method for validation and standardization of MCM production for use as a hybridoma culture supplement.
Materials and Methods
Generation of the RMH359 hybridoma cell line
Balb/cJ mouse myeloma P3X63AG8 U.1 cells were cultured in advanced RPMI-1640 (Invitrogen, CA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 2 mM Glutamax (Invitrogen) in flasks with 80-cm 2 culture area (NUNC, DK). Myeloma cells were split 24 hours before fusion with splenocytes from a female Swiss Webster mouse (CFW Ò ; Charles Rivers Laboratory, MA) immunized with a hamster brain preparation. Cells were mixed at 1:1 ratio and centrifuged for 10 minutes at 1700 rpm. The resulting cell pellet was slowly suspended in 1 mL of 50% polyethylene glycol (Sigma-Aldrich, MO), followed by 9 mL of advanced RPMI-1640. Hybrid cells were initially cultured in medium comprising advanced RPMI-1640 supplemented with 10% heat-inactivated FBS, 40% MCM, 0.1 mM sodium hypoxanthine, 0.4 mM aminopterin, 0.016 mM thymidine, and 100 mg/mL penicillin/streptomycin for 10 days before feeding with the same growth medium without the addition of aminopterin. Recombinant mouse IL-6 was obtained from R&D Systems, MN. All cells were maintained at 37°C in a humidified 5% CO 2 atmosphere under aseptic conditions. Hybridoma cells were selected by evaluating antibody binding from cell-conditioned media to immobilized hamster brain extract using indirect enzyme-linked immunosorbent assay (ELISA) and cloned 2 · by limiting dilution. Of the surviving hybridoma cell clones, one was designated RMH359, which produced an IgG1 heavy and kappa light chain MAb. Subsequent evaluation of the MAb from the RMH359 culture supernatant showed no specific binding to brain homogenates by either indirect ELISA or Western blot and it is characterized as a nonbinding MAb. Additionally, RMH359 hybridoma cells failed to produce ascites in pristine-primed Balb/cJ mice (Covance, CO; N = 10). The MCM-dependent properties of the RMH359 cell line are stable after cell passage, following multiple rounds of cell division in continuous culture, and upon thaw from liquid nitrogen stock. ) with 15 mL of advanced RPMI-1640 medium supplemented with 10% FBS, 5.5 · 10 -5 M beta-mercaptoethanol (Invitrogen), 0.5 mg/mL bovine holo-transferrin (Invitrogen), 2 mM Glutamax, and 10 mM HEPES buffer. (13) Culture medium was collected after 24-72 hours of cell growth as MCM, centrifuged at 3000 g for 5 minutes, filter-sterilized (PES 0.22 mm), stored at 4°C, and used within 1 week. The same medium composition and conditions were used for the production of control media without the addition of macrophage cells and used at equivalent dilution in RMH359 hybridoma growth media (advanced RPMI +50% FBS).
MTT assay
A measurement of cell viability was performed by measuring the reduction of MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide (Sigma-Aldrich) by viable cells to formazan. (20) The MTT assay performed was similar to that originally described by Mosmann. (21) Briefly, 4000 RMH359 cells were plated in 96-well culture plates (NUNC) and grown for up to 4 days in 200 mL of hybridoma growth medium supplemented with 0%-50% MCM produced under different macrophage culture conditions. MTT was prepared as a filter-sterilized stock solution (5 mg/mL in 10 mM phosphate-buffered saline) and added to culture wells at a final concentration of 1 mg/mL and then incubated at 37°C for 4 hours. After the formation of formazan salt, the supernatant was discarded and 100 mL of 0.04 N HCl in isopropanol was added to dissolve the purple formazan precipitate accumulated in cell mitochondria. The plate was then incubated at room temperature in the dark for 2 hours and the optical density (OD) was measured at a test wavelength of 570 nm and a reference wavelength of 660 nm on SpectraMax M5 (Molecular Devices, CA). The OD measurement reported represents the total amount of formazan detected and serves as an indirect measure of viable cell number. Data represent 8-16 replicates per data point and are expressed as mean absorbance units (AU) at 570 nm -SEM.
Caspase-Glo 3/7 assay
To measure the rate of apoptosis in the absence of MCM, activities of apoptotic markers, caspase-3 and -7 (22) , were measured using the caspase-Glo 3/7 assay (Promega, WI). RMH359 cells were plated at two different densities (400 cells and 4000 cells) in 96-well plates and allowed to attach for 24 hours in hybridoma growth medium supplemented with 50% MCM before switching to 100 mL of medium containing either 50% MCM or control medium and grown for an additional 7, 24, 48, and 72 hours. A 1:2 dilution of caspase 3/7 luminogenic substrate containing the caspase target sequence (DEVD) was added to each well and incubated for 1 hour. Cleavage of the DEVD sequence by caspase-3 and -7 results in a luminescent signal that is proportional to their cellular activity. (23, 24) Luminescence was measured on a Victor X3 plate reader for 0.2 seconds (PerkinElmer, MA) and data represent 12 replicates per time point and are expressed as mean counts per second (CPS) -SEM.
CytoTox-GloÔ cytotoxicity assay
Cell viability in the absence of MCM was measured by a CytoTox-Glo cytotoxicity assay (Promega). This assay measures cleavage of a membrane-impermeable AAF-GloÔ substrate by proteases that are released from dead cells. Cells were plated the same way as described for caspase-Glo 3/7 assay and luminescence recorded on a Victor X3 plate reader. After switching to medium containing 50% MCM or hybridoma control medium, 50 mL of AAF-Glo reagent was added directly to cells growing in 100 mL of culture medium for 15 minutes at room temperature. The first luminescent signal was recorded (dead cell number), then followed by the addition of the detergent digitonin to lyse remaining viable cells, a second luminescent reading was recorded (total cytotoxicity). The difference between the two luminescent signals is a measure of viable cells per well. The data represent 12 replicates per time point and are expressed as mean CPS -SEM.
Results
We have generated a novel RMH359 hybridoma cell line that remains dependent on MCM for survival and growth. An equivalent number of RMH359 cells were seeded in medium containing 50% MCM or macrophage-free control medium and cells were evaluated in the presence of Trypan blue after 8, 24, and 48 hours by phase-contrast microscopy ( Fig. 1) . Healthy RMH359 hybridoma cells appear round, *25 mm in diameter, and grow as loosely attached clusters that form plaque-like colonies 48 hours after seeding ( Fig. 1 ; left panels). We used a dye exclusion method to evaluate live and dead cells in culture by microscopy. Trypan blue is a vital stain that does not cross the intact membranes of living cells, but is selectively absorbed by dead cells that stain blue.
(25) At 8 hours, the majority of cells cultured in either 50% or control medium were viable with very few dead Trypan blue-stained cells observed (arrows). However, there did appear to be fewer total live cells after 8 hours of growth in the control medium compared with those grown in 50% MCM. By 24 hours, we observed a dramatic difference in the number of viable RMH359 cells, with most cells grown in 50% MCM being viable compared with the majority of cells grown in control medium having absorbed the Trypan blue dye. After 48 hours of culture, cells grown in 50% MCM had proliferated and formed large attached colonies with few Trypan blue-positive cells observed. In contrast, the majority of RMH359 cells cultured in control medium after 48 hours were Trypan blue positive and nonviable.
Dependence of the RMH359 hybridoma cell line on MCM for survival suggested that these cells could be used as a bioassay to determine optimal MCM production from J774A.1. Macrophages were seeded at two different densities in 80-cm 2 flasks (1 or 6 · 10 6 cells) in 15 mL of macrophage growth medium for 24 hours to generate 100% MCM. RMH359 cells were plated in 96-well microplates and cultured in growth medium supplemented with 25% or 50% MCM for 4 days and cell viability determined by MTT assay and expressed as % of MCM-free control (Fig. 2) . MCM improved cell viability of RMH359 cells relative to macrophage-free medium control (2-8-fold) and hybridoma growth showed MCM dose dependence, with 25% MCM half as effective as 50% MCM in promoting hybridoma growth. Interestingly, increasing the initial macrophage seed density resulted in MCM that was significantly less effective, at either concentration, in promoting RMH359 cell growth (P < 0.05). These data suggest that an initial density of 1 · 10 6 macrophage cells per 80-cm 2 surface is the optimal density of macrophage cells to yield an effective MCM supplement to support hybridoma cell growth. Maximal RMH359 cell growth (eightfold) was achieved using 50% MCM generated from 1 · 10 6 macrophage cells. One-way analysis of variance using the Holm-Sidak all pairwise comparison was performed on MTT 570 nm absorbance data (N = 8) from each group (no MCM control, 25% and 50% MCM from 1 · 10 6 macrophages or 6 · 10 6 macrophages), with P < 0.05 considered significant. All comparisons were significant, except 25% MCM from 6 · 10 6 macrophages versus no MCM control and 25% MCM from 1 · 10 6 macrophages versus 50% MCM from 6 · 10 6 macrophages. Graphical data are expressed as mean % of no MCM control -SEM.
Once we determined the macrophage seeding density and optimal concentration of MCM to achieve maximal RMH359 hybridoma cell growth, we evaluated the impact of macrophage production time on the efficacy of the MCM. Macrophage cells at 1 · 10 6 were cultured for 24 or 72 hours and the resulting MCM was used to demonstrate the dose-dependent growth of RMH359 with MCM after 4 days by MTT (Fig. 3 ). At all dilutions tested, 72-hour primed MCM was less effective than 24-hour primed MCM in supporting RMH359 cell viability. Indeed, 25% 24-hour primed MCM has equivalent bioactivity to 50% 72-hour primed MCM. However, at 50% MCM, the difference in cell viability between 24-and 72-hour primed MCM decreased, suggesting that a 50% dilution is near maximal for effective hybridoma survival and growth supplementation. Dilutions of MCM above 50% were less effective in supporting RMH359 cell viability (data not shown). The absence of MCM resulted in nonviable RMH359 cells with MTT absorbance values equivalent to wells with no cells. RMH359 hybridoma cells supported by 50% MCM collected after 24 hours did result in statistically higher cell viability (P < 0.05) than either 48-or 72-hour primed MCM   FIG. 2 . Impact of macrophage cell density on MCM bioactivity. J744A.1 macrophage cells were seeded in 15 mL of medium at either 1 · 10 6 or 6 · 10 6 cells/80-cm 2 flasks for 24 hours to produce MCM. MCM was diluted into hybridoma growth medium to either 25% or 50% MCM and RMH359 hybridoma cells were incubated for 4 days. The MTT assay (570 nm AU/absorbance) was used to determine cell viability after MCM supplementation and compared with a no MCM control. Data are expressed as percent viable cells compared with control -SEM. ( Fig. 4) . We determined the macrophage cell number (cells/ mL) at the time of MCM harvest and show a time-dependent increase in macrophage cell number, which is inversely associated with MCM bioactivity as defined by RMH359 cell viability. These data suggest that optimal production of MCM in support of hybridoma cell growth is a subconfluent macrophage density (1 · 10 6 /80 cm 2 ) collected after 24 hours and used in hybridoma culture media at a 40%-50% dilution.
The stability of hybridoma growth medium components at 37°C in a humidified 5% CO 2 atmosphere over time was evaluated using the RMH359 cell line (Fig. 5) . Independent aseptic samples of FBS, MCM, and the complete growth medium (containing advanced RPMI-1640, 10% FBS, and 40% MCM) were preincubated for 7 and 14 days at 37°C in 5% CO 2 without cells. The bioactivity of these preincubated components was then compared with freshly prepared medium made just before use from stock solutions stored at 4°C for 4 weeks on RMH359 cell viability after 4 days of growth by MTT. The preincubation of FBS for up to 14 days had no effect on cell viability when used to make complete hybridoma growth media. The stability of MCM was maintained through 7 days of preincubation, but showed a precipitous decline in bioactivity after 14 days of preincubation. Preincubation of complete hybridoma growth medium resulted in a time-dependent decline in bioactivity with *20% reduction every 7 days. The difference in the hybridoma support profile between complete hybridoma growth medium and MCM was likely a result of depletion of advanced RPMI-1640 components. These data suggest that complete hybridoma growth medium replenishment after *10 days of growth would minimize the loss of viable cells as a result of depleted MCM components.
To establish the mechanism of RMH359 cell death, we compared caspase-3 and -7 activities from cells following MCM withdrawal with those grown in culture medium supplemented with 50% MCM (Fig. 6A) . The withdrawal of the MCM supplement resulted in a significant spike in caspase activity (P < 0.05) at 24 hours, followed by a return to levels equivalent to the assay background at 48-and 72-hour time points. By comparison, cells grown with 50% MCM supplementation showed elevated caspase activity beginning after 48 hours, followed by a time-dependent rise.
Cell viability, as measured by the CytoTox-Glo assay, showed no remaining viable RMH359 cells 48 hours after the withdrawal of MCM (Fig. 6B) . By contrast, hybridoma cells seeded at the same density, but maintained in 50% MCM, showed an increase in viable cell number over time. These data show that with MCM supplementation, the rate of RMH359 cell division is greater than the rate of apoptosis, resulting in an increasing cell number. The increase in apoptosis in MCM-supplemented cultures may reflect resource consumption of cells as they reach a certain density. This may explain the delayed onset of apoptosis observed in MCMsupplemented cultures. MCM likely provides essential factors that promote cell growth resulting in dividing cells that outpace those undergoing apoptosis with a cumulative increase in cell number.
Cytokines play an important role in the survival and growth of immune cells. (26) Several macrophage-secreted factors such as interlukin-6 (IL-6) have been shown to promote hybridoma cell survival and growth in culture. (27) To determine the role of IL-6 as a contributing factor in MCM support of the RMH359 cell line, we performed cell viability experiments by adding IL-6 alone or in combination with suboptimal 12.5% MCM to hybridoma growth media (Fig. 7) . The addition of IL-6 (100 ng/mL) to culture media without MCM failed to promote survival and growth of RMH359 cells and MTT values were equivalent to those obtained without MCM supplementation. However, the addition of FIG. 5. Stability of MCM with time and temperature. RMH359 cell viability was used to determine the stability of MCM at 37°C in a humidified 5% CO 2 atmosphere. Complete hybridoma growth medium (10% FBS +50% MCM) was prepared fresh using MCM and FBS from 4°C storage or after their incubation for 7 and 14 days at 37°C. The incubated FBS and MCM were each used to prepare complete media with other fresh 4°C components to 10% and 50%, respectively. The MTT assay was used to determine RMH359 cell viability after 4 days of growth at 37°C and data expressed as mean AU -SEM. FBS, fetal bovine serum.
FIG. 4.
Improved MCM bioactivity with reduced macrophage cell density and production time. Macrophages were seeded at an initial density of 67,000 cells/mL and grown for 24, 48, or 72 hours to produce MCM. The MCM was diluted into hybridoma growth medium to 50% and the MTT assay (570 nm AU) was used to determine RMH359 cell viability with data expressed as a percent of no MCM control -SEM (left axis; solid bars). After MCM harvest, the macrophage cells were collected, counted, and data expressed as cells/ mL for each time point (right axis; striped bars).
IL-6 to 12.5% MCM potentiated the MCM bioactivity resulting in approximately threefold greater cell growth than equivalent MCM alone (P < 0.05). We evaluated 12.5% MCM with IL-6 doses, from 2 to 100 ng/mL, and found that all these concentrations achieved similar cell viability by MTT (data not shown), suggesting that addition of IL-6 at £2 ng/mL to MCM would potentiate MCM bioactivity. These data show that addition of IL-6 results in enhanced MCM (eMCM) bioactivity on RMH359 cell growth.
Discussion
Cell culture supplements such as FBS and MCM provide a rich source of factors necessary for the survival and growth of fragile, newly fused hybrid cells growing under selective pressure from aminopterin. Although most clonal hybridoma cell lines can be weaned from these supplements and grown under defined culture conditions for antibody production, their use during early survival and cell cloning provides beneficial support for cell expansion. It is the goal of cell culture supplementation to promote the postfusion survival and growth of individual hybridomas and thereby increase the selection repertoire of MAb-producing hybridomas as well as improve cell cloning efficiencies toward the establishment of a stable cell line.
Although MCM represents a cost-effective and useful product to maximize the efficacy of hybridoma technology, there remains a need for standardization in production and validation to maximize MCM value. In this report, we describe the use of an MCM-dependent RMH359 hybridoma cell line as a bioassay for optimization of MCM production and standardization from J774A.1 macrophages. This represents the first bioassay for validation of MCM bioactivity on hybridoma cell survival and growth, allowing standardization in production and use.
RMH359 cells exhibit MCM dose-dependent growth that is best described by a 3 rd -order linear regression model (24 and 72 hours, r 2 = >0.99). These data show that MCM used at 40% in hybridoma growth medium results in maximal cell growth promotion (Fig. 3) . The use of MCM at higher concentrations results in decreased bioactivity and suboptimal hybridoma growth. Importantly, the initial seed density of macrophages (Fig. 2) and their duration of growth (Fig. 3) significantly impact the bioactivity of the MCM product. Higher initial macrophage seed density and increased incubation time are inversely related to MCM bioactivity. The same seed density of macrophages incubated for 72 hours requires more MCM to achieve the same bioactivity as those incubated for 24 hours. MCM likely contains both stimulatory and inhibitory factors that together influence the rate of cell division in a concentration-dependent manner. Consequently, elevated concentrations of MCM (>50%) likely shift the RMH359 cells toward growth inhibition with a concurrent reduction in their overall growth rate. Accumulation of inhibitory factors or a reduction in stimulatory factors from MCM produced with increased macrophage cell density and incubation duration may also explain the reduced MCM bioactivity under those production conditions. The MCM product exhibits excellent retention of bioactivity under storage conditions of 4°C (>1 month) or from frozen stock. We generally batch produce several liters of MCM and store aliquots at -20°C for >1 year without significant loss in bioactivity (data not shown). However, the MCM product is temperature sensitive (37°C; 5% CO 2 ) and gradually loses bioactivity over time (Fig. 5) . This reduction is independent of cell presence, with a *40% reduction in bioactivity after 14 days at 37°C. These data suggest that complete medium changes that include MCM should occur for ongoing cell cultures between 7 and 14 days to maximize efficacy of the MCM product.
In the absence of MCM, the RMH359 cell undergoes caspase-mediated apoptosis (Fig. 6) . The removal of MCM from RMH359 cells for 17 hours results in a spike in caspase-3 and -7 activities (Fig. 6B) , followed by a reduction in total live cells (Fig. 6A) . These data show that caspase-mediated apoptosis is the mechanism of RMH359 cell death following MCM removal. However, even in the presence of MCM, RMH359 cells undergo some apoptosis (Fig. 6B ) with increased caspase-3 and -7 activities that parallel the rise in live cell number (Fig. 6A) . However, the time-dependent increase in total cell number shows that the rate of cell division outpaces that of apoptosis. Therefore, the mitogenic factors in MCM are sufficient to drive cell division and result in cumulative expansion of RMH359 cells.
FBS contains a wide array of mitogenic growth factors that are capable of promoting the survival and growth of cells in culture. (4) Indeed, FBS supplementation of hybridoma culture media is sufficient for generation of hybridoma cell lines. However, the use of MCM likely provides additional factors that facilitate growth and stability of more newly fused, polyploidal hybrid cells. In early hybridoma culture environments, MCM might counteract the effects of accumulating cellular debris from unfused dying cells or help promote growth of low-density hybridomas where autocrine/paracrine growth factor concentrations are insufficient to promote growth from some hybridoma populations. (5) Although the exact composition of factors necessary to best promote MAbproducing hybridoma cell growth in vitro remains undefined, cytokines likely play an important role. (26) IL-6 has been shown to be an important mitogenic factor in B cell hybridoma cell lines. (27) (28) (29) In our RMH359 cell bioassay, the addition of IL-6 to media without MCM failed to promote cell survival (Fig. 7) . However, IL-6 added to MCM-supplemented medium was synergistic, resulting in enhanced cell growth when compared with the same concentration of MCM without IL-6. These data indicate that the mitogenic activity of MCM on RMH359 cells is not like the result of IL-6 production. Given the synergistic activity of IL-6 with MCM, we are working toward generation of a stable IL-6-producing J774A.1 macrophage cell line for the production of an eMCM.
The cost, effectiveness, and ease of MCM production support its continued widespread use as a hybridoma cell culture supplement. The RMH359 hybridoma bioassay represents a novel method that provides both validation and optimization of MCM for use in hybridoma culture applications. In this report, optimized MCM production is obtained from 1 · 10 6 /15 mL 80 cm 2 J774A.1 macrophages grown for 24 hours and used at 40% in normal hybridoma growth medium containing 10% FBS. The RMH359 bioassay provides a useful tool for standardization of MCM production that affords a defined specific bioactivity of the product for application in hybridoma technology.
